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Early Muon Pair Data—soon to be called Drell-Yan 

Muon Pairs in the mass range 1 < mµµ < 6.7 GeV/c2 
have been observed in collisions of high-energy 
protons with uranium nuclei.  At an incident energy 
of 29 GeV, the cross section varies smoothly as dσ/
dmµµ ≈ 10-32 / mµµ

5 cm2 (GeV/c)-2 and exhibits no 
resonant structure.  The total cross section increases 
by a factor of 5 as the proton energy rises from 22 to 
29.5 GeV. 
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Early Muon Pair Data—soon to be called Drell-Yan 



Fermilab E-866/NuSea 
unpublished 
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Drell and Yan’s explanation 

Also	  predicted	  	  
λ(1+cos2θ)	  

angular	  distribu8ons.	  
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Drell-Yan Cross Section 

§  So-	  gluon	  resumma6on	  at	  all	  orders	  	  

Next-‐to-‐Leading	  Order	  
§  These	  diagrams	  are	  responsible	  for	  up	  to	  50%	  
of	  the	  measured	  cross	  sec6on	  

§ Parton	  distribu6ons	  are	  Universal!	  
§  Intrinsic	  transverse	  momentum	  of	  quarks	  
(although	  a	  small	  effect,	  λ >	  0.8)	  

Angular	  Distribu6ons	  
	  
§  	  	  
dσ

dΩ
∝ 1 + λ cos2 θ + µ sin 2θ cosφ

+
ν

2
sin2 θ cos 2φ

Higher	  Twist??	  	  
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xtarget xbeam 

§  Measured	  cross	  sec8on	  is	  a	  convolu8on	  
of	  beam	  and	  target	  parton	  distribu8ons	  

§  Proton	  Beam	  
–  Target	  an8quarks	  and	  beam	  

Drell-Yan Cross Section 

§  u-‐quark	  dominance	  
(2/3)2	  vs.	  (1/3)2	  
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xtarget xbeam 

§  Measured	  cross	  sec8on	  is	  a	  convolu8on	  
of	  beam	  and	  target	  parton	  distribu8ons	  

§  Proton	  Beam	  
–  Target	  an8quarks	  and	  beam	  

§  u-‐quark	  dominance	  
(2/3)2	  vs.	  (1/3)2	  

	  

Drell-Yan Cross Section 

Acceptance	  limited	  

Valence	  ×	  Valence	  

Valence-‐sea	  ×¼	  
Sea-‐Sea	  

Beam	   Target	   Experiment	  

Hadron	   Beam	  valence	  quarks	  
target	  an8quarks	  

Fermilab	  E-‐906,	  	  
RHIC	  (forward	  acpt.)	  
J-‐PARC	  

An8-‐Hadron	   Beam	  val.	  an8quarks	  
Target	  valence	  
quarks	  

GSI-‐FAIR	  
Fermilab	  Collider	  

Meson	   Beam	  val.	  an8quarks	  
Target	  valence	  
quarks	  

COMPASS	  

d2σ

dxπdxN

����
π−N

=
4πα2

xπxNs

�
4

9
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§  π-‐	  beam	  
–  Valence	  beam	  an8-‐u	  quark	  and	  u	  

target	  quark	  



What can Drell-Yan tell us about the EMC effect? 
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Structure of nucleonic matter:  
The EMC effect 
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Comparison	  with	  	  
Deep	  Inelas8c	  Scadering	  (DIS)	  

n  EMC:	  	  Parton	  distribu8ons	  of	  bound	  
and	  free	  nucleons	  are	  different.	  

n  Nuclear	  binding	  effects	  distribu8ons	  
of	  quarks	  within	  the	  nucleons	  



Structure of nucleonic matter:  
How do DIS and Drell-Yan data compare? 

7	  January	  2013	  

Paul	  E.	  Reimer	  pA	  Spin	  Independent	  Drell-‐Yan	  

11	  

n  Shadowing	  present	  in	  Drell-‐Yan	  
n  An8shadowing	  not	  seen	  in	  Drell-‐Yan

—Valence	  only	  effect	  

Alde	  et	  al	  (Fermilab	  E772)	  Phys.	  Rev.	  LeZ.	  64	  2479	  (1990)	  



Kulagin and Petti sea vs. valence nuclear effects 
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Valence	   Sea	  

Nuclear	  Physics	  A	  765	  (2006)	  126–187	  



Structure of nucleonic 
matter: Where are the 
nuclear pions? 
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n  The	  binding	  of	  nucleons	  in	  a	  
nucleus	  is	  expected	  to	  be	  
governed	  by	  the	  exchange	  of	  
virtual	  “Nuclear”	  mesons.	  
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n  The	  binding	  of	  nucleons	  in	  a	  
nucleus	  is	  expected	  to	  be	  
governed	  by	  the	  exchange	  of	  
virtual	  “Nuclear”	  mesons.	  

n  No	  an8quark	  enhancement	  seen	  
in	  Drell-‐Yan	  (Fermilab	  E772)	  
data.	  
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n  The	  binding	  of	  nucleons	  in	  a	  
nucleus	  is	  expected	  to	  be	  
governed	  by	  the	  exchange	  of	  
virtual	  “Nuclear”	  mesons.	  

n  No	  an8quark	  enhancement	  seen	  
in	  Drell-‐Yan	  (Fermilab	  E772)	  
data.	  

n  Contemporary	  models	  predict	  
large	  effects	  to	  an8quark	  
distribu8ons	  as	  x	  increases.	  

n Models	  must	  explain	  both	  DIS-‐
EMC	  effect	  and	  Drell-‐Yan	  
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n  The	  binding	  of	  nucleons	  in	  a	  
nucleus	  is	  expected	  to	  be	  
governed	  by	  the	  exchange	  of	  
virtual	  “Nuclear”	  mesons.	  

n  No	  an8quark	  enhancement	  seen	  
in	  Drell-‐Yan	  (Fermilab	  E772)	  
data.	  

n  Contemporary	  models	  predict	  
large	  effects	  to	  an8quark	  
distribu8ons	  as	  x	  increases.	  

n Models	  must	  explain	  both	  DIS-‐
EMC	  effect	  and	  Drell-‐Yan	  



Structure of nucleonic matter:  
How do sea quark distributions differ in a nucleus? 
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Intermediate-‐x	  sea	  PDF’s	  	  
n  	  ν-‐DIS	  on	  iron—Are	  nuclear	  effects	  with	  

the	  weak	  interac8on	  the	  same	  as	  
electromagne8c?	  	  	  

n  Are	  nuclear	  effects	  the	  same	  for	  sea	  and	  
valence	  distribu8ons	  
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Partonic Energy Loss 
§  Pre-‐interac8on	  parton	  moves	  through	  cold	  nuclear	  mader	  

and	  looses	  energy.	  
§  Apparent	  (reconstructed)	  kinema8c	  values	  (x1	  or	  xF)	  are	  

shiled	  
§  Fit	  shil	  in	  x1	  rela8ve	  to	  deuterium	  
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n Models:	  
–  Galvin	  and	  Milana	  

–  Brodsky	  and	  Hoyer	  
	  
–  Baier	  et	  al.	  X1	  

X1	  R(A/p)	  

R=1	  
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Event Reconstruction 

§  We	  measure	  
1.  Direc8on	  of	  par8cles	  
2.  Absolute	  momentum	  of	  

par8cles	  
§  We	  assume	  

3.  Par8cles	  are	  muons	  

momentum	  
vector	   Rela8vis8c	  energy-‐

momentum	  vector	  P 

n  Add 4-vectors of muons to get 4-vectors of 
virtual photon P 
–  Now we know everything 

�P 2 ≡ m2
γ = xtxbs

pl
pmax.
l

= xFeymann = xb − xt



Partonic Energy Loss 
■  E866	  data	  are	  consistent	  with	  NO	  

partonic	  energy	  loss	  for	  all	  three	  models	  
■  Caveat:	  	  A	  correc8on	  must	  be	  made	  for	  

shadowing	  because	  of	  x1—x2	  correla8ons	  
–  E866	  used	  an	  empirical	  correc8on	  based	  on	  

EKS	  fit	  do	  DIS	  and	  Drell-‐Yan.	  
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E866/NuSea	  

n  Treatment	  of	  parton	  propaga8on	  length	  
and	  shadowing	  are	  cri8cal	  
－  Analysis	  of	  our	  p-‐A	  Drell-‐Yan	  data	  using	  the	  

Kopeliovich	  model.	  

－  dE/dx	  =	  2.32	  ±	  0.52	  ±	  0.5	  GeV/fm	  
－  Same	  data	  with	  different	  shadowing	  

correc8on	  and	  propaga8on	  length	  

n  BeZer	  data	  outside	  of	  shadowing	  region	  
are	  necessary.	  

n  Drell-‐Yan	  pT	  broadening	  also	  will	  yield	  
informa8on	  

Johnson, Kopeliovich et al., PRL 86, 4483 (2001) 

dE/dx 
+ Shadowing 

Shadowing 



Parton Energy Loss 
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n  Shil	  in	  Δx	  /	  1/s	  
–  larger	  at	  120	  GeV	  

n  Ability	  to	  dis8nguish	  between	  models	  
n  Measurements	  rather	  than	  upper	  limits	  

E906	  expected	  uncertain8es	  
Shadowing	  region	  removed	  

n  E906	  will	  have	  sufficient	  sta8s8cal	  precision	  to	  
allow	  events	  within	  the	  shadowing	  region,	  x2	  <	  0.1,	  
to	  be	  removed	  from	  the	  data	  sample	  

•  Shadowing	  vs.	  ini8al	  state	  energy	  loss	  
R.B.	  Neufeld	  et	  al.	  Physics	  Leders	  B	  
704	  (2011)	  590–595	  
	  

•  Possible	  to	  dis8nguish	  between	  A1/3	  
(collisional)	  and	  A2/3	  (radia8ve)	  
dependence?	  

•  Would	  like	  data	  at	  different	  s	  



Tevatron	  
800	  GeV	  

Main	  
Injector	  
120	  GeV	  

d2σ

dxbdxt
=

4πα2

xbxts

�

q∈{u,d,s,... }

e2q [q̄t (xt)qb (xb) + q̄b (xb)qt (xt)]

Advantages of 120 GeV Main Injector 
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The	  (very	  successful)	  past:	  	  	  
Fermilab	  E866/NuSea	  

n  Data	  in	  1996-‐1997	  
n  1H,	  2H,	  and	  nuclear	  targets	  
n  800	  GeV	  proton	  beam	  

The	  future:	  	  
Fermilab	  E906	  

n  First	  test	  run	  in	  2011	  
n  1H,	  2H,	  and	  nuclear	  targets	  
n  120	  GeV	  proton	  Beam	  

n  Cross	  sec8on	  scales	  as	  1/s	  	  
–  7×	  that	  of	  800	  GeV	  beam	  

n  Backgrounds,	  primarily	  from	  J/ψ	  
decays	  	  scale	  as	  s	  
–  7×	  Luminosity	  for	  same	  detector	  

rate	  as	  800	  GeV	  beam	  
50×	  sta6s6cs!!	  

at	  the	  same	  xt,	  xb	  



Drell-Yan Spectrometer Guiding Principles 
§  Follow	  basic	  design	  of	  MEast	  spectrometer	  (don’t	  reinvent	  the	  wheel):	  

§  Where	  possible	  and	  prac8cal,	  reuse	  elements	  of	  the	  E866	  spectrometer.	  
–  Tracking	  chamber	  electronics	  	  
–  Hadron	  absorber,	  beam	  dump,	  muon	  ID	  walls	  
–  Sta8on	  2	  and	  3	  tracking	  chambers	  
–  Hodoscope	  array	  PMT’s	  
–  SM3	  Magnet	  
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–  Two magnet spectrometer –  Hadron absorber within first magnet 
–  Beam dump within first magnet –  Muon-ID wall before final elements 

§  New	  Elements	  
−  1st	  magnet	  (different	  boost)	  

Experiment	  shrinks	  from	  60m	  
to	  26m	  

−  Sta.	  1	  tracking	  (rates)	  
−  Scin8llator	  (age)	  
−  Trigger	  (flexibility)	  
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SeaQuest E-906 pp and pD physics 

§ Non	  perturba8ve	  QCD	  models	  can	  
explain	  excess	  d-‐bar	  quarks,	  but	  not	  
return	  to	  symmetry	  or	  deficit	  of	  d-‐
bar	  quarks	  

+	  
Proton	  

q̄pQCD (x)

q̄NonPert. (x)



Time Line 
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1999	   2000	   2001	   2002	   2003	   2004	   2005	   2006	   2007	   2008	  
Proposed	  to	  
Fermilab	  

Approved	  w/
condi8ons	  

Fermilab	  PAC	  
reaffirms	  approval	  

Funding	  
Approval	  

2008	   2009	   2010	   2011	   2012	   2013	  
Funding	  
Approval	  

Run	  1	   Fermilab	  upgrade	   Main	  Run	  

Spectrometer	  construc8on	   Comission	   upgrades	  
Beam	  Line	  Problems	  

Vacuum	  
Leak	  

Filled	  w/
concrete	  

	  Repairs	   more	  repairs	  

Shielding	  
addi8ons	  

• Addi8onal	  radia8on	  shielding	  required	  
• 	  500	  tons	  of	  concrete	  and	  steel	  
• 	  14	  tons	  of	  steel	  on	  movable	  cart	  
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“Splat” Events 

Paul	  E.	  Reimer	  pA	  Spin	  Independent	  Drell-‐Yan	  

Symptoms	  and	  Clues:	  

•  Very	  large	  hit	  mul8plicity	  for	  dimuon	  
trigger	  events	  for	  both	  matrix	  and	  
simple	  NIM	  triggers	  

•  All	  systems:	  hodoscopes,	  chambers,	  
and	  prop.	  tubes	  swamped	  

•  Average	  intensity	  normal,	  measured	  
by	  beamline	  instrumenta8on	  

Sta8ons	  3+4	  (all	  
hits)	  

full	  detector	  (hodoscope	  hits)	  

30/15	  
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Understanding the Beam 

Paul	  E.	  Reimer	  pA	  Spin	  Independent	  Drell-‐Yan	  

•  Independent	  10kHz	  pulsed	  DAQ	  
read	  out	  raw	  hodoscope	  rates	  

•  Bins	  are	  integrated	  counts	  over	  
100µs	  (≈5000	  RF	  buckets)	  

•  Large	  varia8on	  in	  Instantaneous	  
intensity,	  duty	  factor	  very	  low.	  

•  Periodic	  structure	  

•  Frequency	  phase	  locked	  to	  AC	  
line	  60	  Hz	  

31/15	  
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The Splat-Block Card 

Paul	  E.	  Reimer	  pA	  Spin	  Independent	  Drell-‐Yan	  

•  A	  card	  was	  developed	  to	  keep	  a	  running	  average	  of	  the	  mul8plicity	  over	  a	  160	  ns	  
window	  (8	  RF	  buckets).	  

•  If	  average	  mul8plicity	  above	  threshold,	  raises	  a	  trigger	  veto	  

•  Luminosity	  greatly	  reduced,	  but	  trigger	  suppresses	  windows	  of	  8me	  with	  large	  
beam	  intensi8es.	  
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Commissioning (beam line and spectrometer) Run (~two months) 

§  First	  protons	  arrived	  March	  8,	  2012,	  Run	  ended	  April	  30,	  2012	  	  
§  All	  systems	  worked!	  

–  Typical	  issues	  with	  mapping	  and	  8ming	  resolved	  quickly	  
–  Some	  challenges	  with	  TDC	  microcode	  –	  modules	  rolled-‐back	  to	  a	  prior	  solware	  version,	  

zero-‐suppression	  moved	  to	  VME	  CPUsàrela8vely	  long	  dead-‐8mes	  
§  Unexpectedly	  large	  hit	  mul8plici8es	  with	  dimuon	  trigger	  –	  termed	  “splat	  events”	  

Paul	  E.	  Reimer	  pA	  Spin	  Independent	  Drell-‐Yan	  
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Where do we go from here? 
§  BeZer	  Beam	  Quality	  

–  Fermilab	  is	  has	  goden	  this	  message	  
–  mistuned	  720	  Hz	  harmonic	  suppression	  (was	  suppressing	  680)	  
–  Beder	  60	  Hz	  AC	  filtering	  on	  all	  power	  supplies	  
–  Completely	  revamped	  control	  and	  feedback	  system	  
–  Other	  improvements	  

§  Experimental	  Improvements	  
–  TDC	  Micro	  code	  improvements—less	  dead	  8me,	  pipelining?	  
–  Cherenkov	  Beam	  monitor	  for	  beder	  splat	  block	  
–  New	  St.	  1	  and	  St.	  3-‐	  for	  beder	  rate	  capabili8es	  
–  Phototube	  bases	  op8mized	  for	  rate	  rather	  than	  linearity	  



pA Drell-Yan at RHIC? 
§  What	  about	  the	  J/ψ and	  ψ’?	  

–  See	  talk	  by	  Mike	  Leitch	  in	  1st	  session	  
–  E906/SeaQuest	  does	  not	  have	  sufficient	  

resolu8on	  to	  see	  the	  ψ’	  

7	  January	  2013	  
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§  Possibly	  easier	  to	  select	  kinema8cal	  regions	  to	  
emphasize	  quarks	  or	  an8quarks	  in	  proton	  or	  
Nucleus.	  

§  di-‐leptons	  may	  be	  hard	  to	  see/separate	  from	  
background	  

§  Use	  W±	  or	  Z0	  instead	  of	  γ*	  
–  Easy	  to	  iden8fy	  
–  Necessarily	  correlates	  x1	  x2:	  

–  For	  W±–difficult	  to	  reconstruct	  x1	  x2	  since	  ν	  is	  unseen	  
	  

sx1x2 ≡ M2
W
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Polarized Drell-Yan@Fermilab Main Injector 
§  Polarized	  beam	  

–  Major	  advantage—the	  beam	  is	  a	  
blow	  torch—Luminosity	  

–  Major	  disadvantage—the	  beam	  
polariza8on	  is	  presently	  
virtual—only	  a	  proposal	  

§  Spectrometer:	  
–  By	  2014,	  spectrometer	  will	  be	  well	  

understood,	  including	  angular	  
acceptance	  

Exploring	  polarized	  target	  
§  sea	  quark	  Sivers’	  



Conclusion—not yet 
Unpolarized	  pA	  collisions	  can	  offer	  unique	  insight	  into	  	  
§  EMC	  Effect	  
§  Partonic	  Energy	  Loss	  

Fermilab	  E-‐906/SeaQuest	  spectrometer	  works,	  wai8ng	  
for	  beam	  
	  
	  
	  
	  
Fermilab	  may	  also	  provide	  laboratory	  for	  pA	  physics	  

7	  January	  2013	  
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